The Vitrocell® VC10® smoke exposure system offers multiple platforms for air liquid interface (ALI) and air agar interface (AAI) exposure that mimic in vivo conditions for assessing toxicological impact of whole smoke using in vitro assays. The aim of this study was to investigate and compare multiple dosimetry techniques that may be employed during combustible cigarette whole smoke exposure using the Vitrocell® VC10® smoking robot. The following techniques were assessed: (1) quartz crystal microbalances (QCMs), (2) aerosol photometers (using area under curve, AUC), and (3) fluorescence of anhydrous dimethyl sulfoxide (DMSO)-captured smoke constituents.
Introduction
Although nonclinical assessments have historically been conducted as a component of academic, public health community and tobacco industry research on a variety of tobacco products, both the testing methods [1] and the regulatory environment (e.g [2] ) continue to evolve. Regulatory requirements and guidance for use of data generated from nonclinical methods to assess potential health effects of tobacco and related products have been implemented [3] [4] [5] [6] .
Testing for cytotoxicity and genotoxicity of complex aerosols, such as cigarette whole smoke, provides many challenges and is less welldefined than the established or proposed methods for testing of liquids and solids or extracts in the screening of chemicals [7] [8] [9] [10] [11] , medical devices [12] , or pharmaceuticals [13] . Although cigarette whole smoke is a mixture of more than 7000 chemicals [14] , present in both the vapor phase component and the particulate fraction, historically, tobacco products have been tested in cytotoxicity and genotoxicity assays in vitro using partitioned exposures to either total particulate matter (TPM) or gas vapor phase (GVP) test materials. To address this, a great deal of focus has been placed on the development of tobacco mainstream smoke exposure systems [15] [16] [17] [18] , which capture both phases of tobacco smoke together and presents a more relevant test compound for the assessment of human health risk.
More recently, there has been the introduction of in vitro smoking machines, paired with exposure modules that allow exposure of cells to whole smoke aerosol at the air-liquid interface (ALI). One example is a Vitrocell® exposure system which uses a constant flow of compressed air to dilute mainstream cigarette smoke. A sample of this diluted smoke is pulled, by vacuum, into the exposure module where it is delivered to individual exposure chambers [19] . The flow rate of the diluting air can then be adjusted to alter the concentration of smoke delivered to the cells. Determining the delivered test dose of any single component for comparative purposes, much less the whole smoke mixture, is particularly challenging. However, dosimetry is an important tool to allow identification of aerosol concentrations tested during whole smoke exposure and may be used to facilitate comparison of biological responses attained using different whole smoke exposure systems, which may dilute and deliver smoke to the exposed cells in different ways.
The aim of this study was to investigate the effectiveness of three dosimetry techniques, QCMs, photometers, and DMSO captured/ trapped smoke constituents, during whole smoke exposure using a Vitrocell® VC10® smoking robot and associated modules, with two different smoking regimens over a range of airflows (dilutions). QCMs and photometers have been used in the assessment of aerosol concentrations in general, and smoke exposure in particular [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Exposure and dose measurements calculated for in vitro cigarette smoke exposure systems could allow comparisons between data from different test systems and support the potential biological significance of the results obtained [33] . However, the extrapolation of in vitro dosimetry data to actual doses achieved in vivo remains challenging [34] .
The three dosimetry tools assessed in this study used different approaches. One dosimetry approach used QCMs to calculate a change in mass over a fixed area by monitoring the change in frequency of a quartz crystal resonator. As mass is deposited onto the crystal, the oscillation frequency of the resonator decreases, allowing calculation of the deposited mass based on the measurable change in frequency. Since frequency measurements are readily made to high precision, the minimum mass densities that can be measured range from 1 × 10 −17 kg to 1 × 10 −11 kg depending on the experimental conditions (Mecea, 2006) .
A second dosimetry approach used aerosol photometers to characterize the particle density of aerosols in a system by measuring the amount of light that is scattered as a laser passes through the aerosol stream. As the aerosol enters the scattering chamber, a laser diode emits light (wavelength 680 nm) through the sample, and the scattered light is detected by an offset photodetector and reported as voltage over time. The signal is amplified to an output voltage between 0 and 5 V (V). The photometers are connected to the Vitrocell® VC10® smoking robot system at an appropriate point to allow the aerosol to pass in-line through the photometer. The signal is independent of the flow direction and flow velocity through the photometer. Since cigarette smoke contains a mixture of chemical constituents that exist in gaseous and particulate phases that are often shifting between the two phases, the photometers cannot be "calibrated" to a given set point and are therefore 'harmonized' for combustible cigarettes. The photometers were 'harmonized' to mainstream smoke (HCI smoking regimen, airflow dilution rate 1.5 L/min, applied vacuum 5 mL/min) by connection end to end, attachment to a single dilution bar, and adjustment so that the voltage output from all four photometers was comparable at approximately 4.0 V. Once the voltage output from the photometers was comparable, the photometers were deemed to be harmonized.
The third dosimetry tool we investigated was assessment of deposition of total particulate matter (TPM) using a liquid trap and appropriate solvent. In the current work, TPM was assessed via fluorescence measurements of DMSO-captured smoke constituents. Smoke constituents fluoresce blue (485 nm) when exposed to longwave ultraviolet radiation (355 nm) [35] [36] [37] . This property was used to allow the quantification of DMSO-captured smoke constituents from a standard curve via a fluorescence intensity assay.
Materials and methods
The dosimetry methods that employed quartz crystal microbalances (QCM), photometers and DMSO-capture were investigated using a Vitrocell® VC10® smoking robot, 12 mm (12-well) and 24 mm (6-well) mammalian exposure modules (Vitrocell®) and 3R4F cigarettes ( Fig. 1 ). Whole smoke exposures were conducted using two smoking regimes: International Organization for Standardization (ISO) and Health Canada Intense (HCI) smoking regimes [38, 39] (described below).
Cigarettes
3R4F reference cigarettes were obtained from the University of Kentucky, Kentucky, USA. Prior to smoking, cigarettes were conditioned for at least 48 h and no more than 10 days at 22 ± 1°C and 60 ± 3% relative humidity, according to the ISO guideline 3402:1999 [40] .
Vitrocell® VC10® smoking robot
The Vitrocell® VC10® smoking robot, dilution system and exposure modules were obtained from Vitrocell® Systems GmbH, Waldkirch, Germany. The VC10® is a rotary style smoking machine which puffs one cigarette at a time, with a single piston that delivers tobacco smoke into an airflow dilution system, as previously described [41] . Smoke dilution is achieved by mixing the mainstream cigarette smoke with a continuous and controlled flow of compressed air within a stainlesssteel dilution bar. A subsample of this diluted smoke is then pulled via vacuum into the stainless steel exposure modules. Different concentrations of smoke can be achieved by altering either the diluting airflow rate (L/min) or the vacuum rate (mL/min). The vacuum flow was maintained at a fixed rate of 5 mL/min for all experiments with a range of different diluting airflow (L/min) to adjust smoke exposure concentrations.
In order to ensure that the smoking robot and associated equipment required for whole smoke exposure were functioning as required, the system was qualified through protocols for installation, operational and performance qualification [41] .
QCM
QCM were obtained from Vitrocell Systems GmBH, Germany, installed into the exposure module according to the Vitrocell® QCM operating/service manual and allowed to stabilize for a period of up to 20 min prior to the start of exposure.
Photometers
Photometers were obtained from Vitrocell® Systems GmBH, Germany, harmonized to mainstream smoke generated using the HCI smoking regimen and diluted at an airflow rate of 0.25 L/min. Harmonization was performed by connecting the four photometers end to end with a minimal amount of tubing. They were then attached to a single dilution bar at the port furthest away from the diluting air inlets, with a 5 mL/min vacuum applied. All other sample ports on the dilution bar were sealed. Using a 0.25 L/min airflow each photometer potentiometer was adjusted so that the voltage output from all four photometers was comparable at approximately 4.0 V. However, this initial harmonization run resulted in a voltage output greater than 5.0 V for subsequent measurements of whole smoke at 0.25 L/min, meaning that the results exceeded the maximal output voltage yielding a clipped signal. Further harmonization runs showed that a 1.5 L/min diluting airflow was optimal for harmonizing at approximately 4.0 V. Therefore, the initial and subsequent harmonization were conducted at 1.5 L/min. Photometers were connected to a PC via the VC Photometer Control Box and data was collected using VC Photometer software. Harmonization of photometers was checked at least every 6 experiments and at the end of the investigation.
DMSO data capture
Standard curves for colorimetric assessments (Excitation at 355 nm / Emission at 485 nm) were determined from 3R4F pad-collected TPM extracted in DMSO generated under ISO and HCI smoking conditions. The TPM samples were serially diluted (2-fold dilutions) in DMSO from 5 mg/mL to 0.0391 mg/mL. Additional standard curves were generated initially from 1.25 mg/mL to 2.4 μg/mL and finally from 512 μg/mL to 0.25 μg/mL. For sample analysis of the DMSO-trapped material, triplicate 100 μL aliquots from each of the two Transwells® containing DMSO were plated into 96 well plates, along with triplicate 100 μL aliquots of the controls (duplicate wells of DMSO exposed at the ALI to an air flow of 0.2 L/minute). Analysis was performed using a VERSAman™ (Molecular Devices, San Jose, CA)or other similar plate reader.
Vitrocell® VC10® setup and whole-smoke exposure
The Vitrocell® VC10® smoking robot was used to generate mainstream cigarette whole smoke from 3R4F reference cigarettes. Cigarettes were conditioned (> 48 h, < 10 days at 22 ± 1°C and 60 ± 3 % relative humidity) then smoked according to ISO guidelines [40, 38] 
Dosimetry experiments for whole smoke exposures
In each whole smoke exposure experiment, the three dosimetry tools were set up in each exposure module as follows. The first chamber in each module contained a QCM and an in-line photometer at position 1 and two wells containing DMSO at positions 2 and 3 (Fig. 1 ). Air controls were tested in triplicate in a separate exposure module during the experiment. Experiments were conducted in 6-well or in 12-well modules, with a variety of different configurations to allow comparison of the different dosimetry techniques. Fig. 1 . Schematic representation of the Vitrocell® VC10® smoking robot, smoke dilution and exposure system. VC10 robot was used to generate smoke from 3R4F Kentucky Reference cigarettes. Freshly generated smoke was delivered to the smoke dilution and exposure system via the puffing piston with an 8 s puff exhaust. Dilution air (0.5-8 L/min) was used to dilute the smoke, and a 5 mL/min vacuum flow rate was used to deliver the diluted smoke to the exposure module (positions 1-3). Deposition of smoke particulate was determined by photometer and QCM located at position 1, and DMSO-capture at positions 2 and 3 within the smoke exposure module. Data based on n = 4 independent experiments unless otherwise indicated; a n = 3; exposure duration of all ISO and HCI airflows were 64 and 44 min, respectively. Data based on n = 4 independent experiments unless otherwise indicated; a n = 3.
Data analysis
QCM data output was collected as both comma separated value (CSV) and virtual compact disk (VCD) file formats detailing the deposition on each balance for each airflow exposure. Data output from the photometers (once per second) was collected as CSV and VCD files detailing the voltage reading for each airflow, allowing an AUC (area under the curve) to be calculated for each exposure. For measurements of DMSO-captured material, standard curves were used to convert relative fluorescence units at 485 nm wavelength (RFU 485 ), respectively, into corresponding TPM concentrations.
Pad-collected 3R4F TPM in DMSO (both ISO and HCI regimes) was analyzed to generate DMSO-captured matter standard curves. The TPM samples were serially diluted (2-fold dilutions) in DMSO from 5 mg/mL to 0.0391 mg/mL. Additional standard curves were generated initially from 1.25 mg/mL to 2.4 μg/mL and finally from 512 μg/mL to 0.25 μg/ mL. The Ex 355 and Em 485 readings were taken on these dilutions and used to prepare the standard curves.
The results obtained with the three dosimetry methods were analyzed in pairwise comparisons for consistency, based on calculated correlation coefficient (r 2 ) values.
Results

QCM
QCM deposition data is presented in Table 1 . Greater variability (expressed as coefficient of variance [%CV]) was observed at the higher Data based on n = 4 independent experiments unless otherwise indicated; a n = 3. airflows tested (8 and 6 L/min). This trend was noted using both 6-well (24 mm) and 12-well (12 mm) configurations for both ISO and HCI smoking regimens and was considered to be due to lower deposition at these airflows rather than greater experiment-to-experiment variation.
Photometers
AUC data from the photometers was consistant between experiments for both 6-well (24 mm) and 12-well (12 mm) configurations using the ISO smoking regimen, without any apparent influence of the higher airflows on the AUC values. Compared to the ISO regimen, the %CV for both the 6-well (24 mm) and 12-well (12 mm) configurations using the HCI smoking regimen was slightly elevated. This is likely due to the more concentrated bolus of whole smoke generated by the HCI regimen rather than experiment-to-experiment variation. Both the ISO and the HCI regimen AUC data demonstrate a concentration-related increase in measured dose ( Table 2) .
DMSO fluorescence
For the DMSO fluorescence data, the relative fluorescent units (RFU) 485 values were extrapolated using the standard curves for each smoking regimen to determine TPM equivalent (μg/mL) dose values (Table 3 ). TPM equivalent values demonstrated a concentration-related increase, with lower airflow resulting in more TPM being deposited. Low %CV in the data set indicated that there was overall uniformity between HCI experiments in 6-and 12-well modules except for the highest airflow (8 L/min) in 12-well modules. The TPM equivalent data generated under the ISO smoking regimen was not as consistent as the HCI regimen, with %CV values ranging from 19% to 43% in both the 6well and 12-well modules. This was not unexpected due to the lower deposition of mass seen using the ISO regimen compared to HCI data, and the greater variability noted when assessing smaller deposition values. However, the consistency between experiments did not appear to be markedly better at the lower airflows using the ISO regimen, in contrast with the improved consistency at the lower airflows observed under the HCI regimen.
Comparison of dosimetry techniques
The multiple dosimetry techniques were able to distinguish different airflows of whole smoke in a concentration-related manner. Hence, the data were further evaluated to determine the level of consistency between the different dosimetry techniques.
The dosimetry methods using photometers and QCM showed a high level of consistency with each other between experiments (r 2 values of 0.9440 to 0.9885), although slightly higher variation was observed at the higher airflows tested (Fig. 2) . DMSO fluorescence of captured smoke constituents also demonstrated a good level of consistency with either QCM or photometer measurements, as shown in Figs. 3 and 4 , respectively.
Discussion and conclusion
The Vitrocell® VC10® in vitro whole smoke/aerosol exposure system has been developed for the assessment of potential biological activity (e.g., cytotoxicity, genotoxicity) for a variety of inhaled materials including tobacco smoke [42, 43] ; Iskander et al., 2013; [44, 45, 26, 46] , Electronic Nicotine Delivery Systems (ENDS) [47] , and airborne chemicals and pollutants [48] [49] [50] [51] . Quartz crystal microbalances have been used as a dosimetry tool in a variety of smoke/aerosol exposure systems as a means of measuring real-time deposition of particles in smoke/ aerosol at a range of dilutions [21] [22] [23] [24] 26] . Photometers are also used to measure real-time exposure to particles in smoke and other common indoor and outdoor aerosols [27] [28] [29] [30] [31] [32] . Exposure and dose measurements calculated for in vitro cigarette smoke exposure systems may provide a platform for comparisons between the data generated using different systems and aid in interpretation of the potential biological significance of the results obtained [33] . However, the extrapolation of in vitro dosimetry data to actual doses achieved in vivo remains challenging. The challenges are associated with multiple factors in each experimental system including use of human primary cells or tissue cultures, species differences, actual exposure system, method for determination of dose, and how the human equivalent exposure concentrations are calculated [34] .
The data presented here show that each of the three dosimetry techniques investigated were able to distinguish between different dilutions of whole smoke through the Vitrocell® VC10® in vitro exposure system in a concentration-dependent manner. Dosimetry measurements using aerosol photometers, DMSO-captured smoke constituents and QCM each showed a high level of consistency between experiments (within a single technique) and may be considered efficient tools in quantifying dose during an exposure. More variation was observed at the higher airflows (i.e., higher dilutions) using all three assessment methods; however, this was not unexpected and may be driven by lower and potentially more variable deposition at these higher airflows [42] . Caution should therefore be applied when comparing and interpreting data generated at higher airflows. In addition, all three of these techniques showed a high degree of correlation with one another in measurement of the assessed dose ( Figs. 1-3) , demonstrating that the amount of smoke constituents delivered into the module as assessed by a photometer correlates with the amount deposited into a dry (QCM) or liquid (DMSO) environment. Therefore, any of these tools are appropriate for the determination of the dose from a combustible tobacco product and for comparison of doses between separate experimental occasions.
Although the general conclusion from this body of work is that any of the dosimetry methods investigated may be used for dose determination from a combustible tobacco product using the Vitrocell® system, there remain challenges associated with each of these dosimetry methods which should be considered in future applications. Specifically, QCMs are widely used for assessment of deposited material from traditional combustible tobacco products but have limitations for assessment of next generation products, especially ENDS, since the crystal can become overloaded in a short time due to the high glycerol and propylene glycol content of their aerosols [52] . DMSO-capture does not provide real-time analysis, so results are available only after the experiment has concluded, and, a standard curve must also be generated. In contrast, photometers, which do allow for real-time assessment, require a positive airflow to function properly and a specific aerosol is needed for calibration. Further research will be necessary to confirm the specific applicability of these dosimetry methods to other tobacco Fig. 4 . Consistency in dosimetry measurements using DMSO fluorescence method compared with aerosol photometer in 6-or 12-well test modules using HCI or ISO smoking regimen.
products (e.g., ENDS and tobacco heating products) [53] .
Overall, it is concluded that the dosimetry tools evaluated in this work provide effective measures to identify the concentrations tested during a combustible whole smoke exposure in vitro. Deposition measured by QCM, AUC calculations as supplied by the photometers and quantification of captured matter via DMSO provided reproducible and consistent data across all the air flows tested using ISO and HCI smoking regimens.
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